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The DOE-2 building energy an,llysiscc+nputer
program Is being modified by the Los Alamos
N3tiOn41 Laboratory to include thermal
storage wall modeling capabilities, Th!s
paper discusses mdel developm!lt and vali-
dation for vented and unventrd thermal
storage walls and water walls in ,DOE-2,

The unvente~’wall model was validated by
comparison with test-cell heating loads for
both a selective surface and a night-
insulated wall, Tne two commnly used
vented wall models, the Akbari and Borqars
correlations and the Bernoulli equ.stion
algorithm, were compared and tested against
availab!e wall performance data, The
Bernouill algorithm was chosen for use iu
DOE-2 because of Its ability to simulate
vent restrict~onsi

1.

‘he DM-2 building energy analysi$ computer
program (1) Is being modified by the
Los Almnos National Laboratory to include
passive solar simulation capabilities,
DOE-2 can be used to model tha dynamic
energy flows occurrin on on hour-by-hour

?basis in single or m tizone buildinqs. It
has the added capability of simulating
sophisticated heatinq, ventilating, and
air-conditioning (HVAC) systems and their
thermal interactionwith the building,
DOE-2 ts also one of the analytical tools
that ctn be used for denmnstratin compli..

Yante with the proposed Feder#l Bu ldinq
Energy Performance Standards (BEPS).

Previous papers (2,3) discussed passive
solar development in MM-? and the direct-
gain and ventilativt-coolin~ capabilities
of the DOE-2.1 version th~t is now in tho
public domain, This paper wI1l discuss
model development tnd validation for vented
and unvented thermal storage walls and water
walls in WI-2.

2. THERK4L STORAGE UAt.LMODEL DESCRIPTION

A diagram of a thermal storage wall showing
the mdellng capabilities and energy flows
simulated by DOE-2 Is shown in Fig, 1,

Solar radiation input to the wall is calcu-
lated using hourly total horizonttslinsola-
tion read from a weather file and converted
to direct and diffuse radiation incident
on the vertical glazing surface, The window
algorithms In DOE-2 are used to calculate
the solar energy absorbed in, and trans-
mitted throu h, the glazing(s), These

‘!algorithms a low a wide range of qlazing
absorptances and transmittances and up to
three sheets to be specifi~d. The user can
also simulate nwvable insul~tion to cover
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Fig, 1, DiaQramof heat flows in t’leDOE-2
thermal SIorige wall model,



the wall by scheduling a decreased glazing
conductance, and the wall can be assigned a
specified solar absorptivity or have a
selective surface.

Heat conduction through the wall Into the
interior space is Calculated by using
response factors. If vents are provided
near the top and bottcm of the wall, a
thernmsyphon effect occurs and energy will
be transferred from the channel between the
wall and the glass into the room by convec-
tion. A more complete description of the
themocirculation mdel in DOE-2 is given
in Sec. 4 of this paper. This thermoclrcu-
latlon nndel simulates backdraft dampers on
the vents, so reverse thermocirculation will
not take place,

3. YNVENTEO THERM4L STORAGE WALL

A number of approximations were made in the
unvented wall nudel to simplify the calcu-
lative procedure. An empirical equation
(4) was used to calculate a heat-transfer
coefficient for convection heat transfer
across the channel between the WIS1land the
glazirlg, Another simplification Has the
use of a linearized radiation haat-transfer
coefficient for the radiation heat transfer
across the channel, In the 00E-2 unvcnted
Mall model, these coefficients are calcu-
lated each hour based on the past hour’s
wail and glazing temperatures, These
approximations simplify the calculations so
that the problem it reduced to solving
energy balances on the outside wall and
gla:ing surfaces. Once the outside wall
surfat? temperature is known, conduction
through the wall into the room is calculated
using response factors,

lhit unvented..mass-wallmodel was validated
by comparison with measured data from
passive-solar test cel?$ located at
Los Alamos. These test cells are 5- by
8- by 10-ft one-room buildings that are
used to test various pass{ve solar config-
urations. The cent are heavily instru-
nmnted ~ld can be operated in either a
heatad (constant temperature) or a free-
floating temperature rmde. A nmre detailed
description of these test cells may be found
in Reference (5),

Figurr 2 shows the comparison of mmasured
ant pledicted heatln loads required to

Imatnt~in a constant 2°F W point tempera-
ture for an unventtd thermal-stora e-wall
test cell with nl ht lntulatton,

!
!he pre-

dicted total heat n~ load for the Sevm-day
winter period examined was about 5 per cent
belw the measured val’le, Cecause the maai-
Irumheatlng set point in 00[-2 it 80’F, it
is likely the results would have been even
closer had DOE-2 been able to mmdel th- 02°F
average air temperature In the test cell.
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Fig, 2. Comparison of DOE-2 unvented wall
model and measured data for a single-glazed
test cell with night insulation,

Figure 3 shows the comparison of similar
predicted and measured heating loads for an
unvented wall test cell with a sel~ctive
surface and no night insulation, The dif-
ference between the total predicted and
Masured heating loads In this case is about
9 per cent, Note that the performance of
the test cell with a selective surface is
superior to that of the one with night
insulation,
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Fig, 3. Comparison of DOE-? unvented wall
model and measured data for a single-glazed
test cell with a selective surface,

4, VENTED THERMAL SiORAGE HALL

Modeling of a vented thermal storage wall
is more difficult than that for the unvented
case because of the nonlinear nature of the
thermosyphonin of alr that flows through

fthe channel be ween t}L dall and the
glazing,

The DOE-2 vented wall algorithm (S an iter-
ative method, It uses the ouiput of the
solution for thermoctrculation flow as the
input to tho solution for the wall and
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to their ~:quilibriumvaiues. Mhen the
thermocir:ulation energy delivered to the
room and the outsioe wall temperature ar?
known, response factors are used to calcu-
late conduction through the wall into the
room, as in the unvented-wall case.

There are basically two different therm-
circulation algorithms used by computer
programs that rmdel vented walls. Programs
such as PASOLE (Los Alamos), TRNSYS (Uni-
versity of Wisconsin), and SUNCOOE (Ecotope
Group) use a therMOCirCLI’ldtiOnalgorithm
based on a Bernoulli equatton. Computer
programs Iik@ BLAST (US Army Construction
Engineering Research Laboratory and Lawrence
Berkeley National Laboratory) and SINDA
(National Bureau of Standdrds) use I+ther-
mocircvlation algorithm bdsed on r,orrela-
tions by Akbari and Borgers (6,7),

In the Akbari and Borgers correlations, a
detailed hydrodynamic computer simulation
was used to calculate air flow rates and
air temperatures of a vertically hedted
channel: *he results were simplifi~d to a
set of Correlations based on wdll and
glazing temperatures, room air temperature,
and geomtry. This detailed computer simu-
lation gives an accurdte solution for flow
within the Chdnnel, However, it doe; not
accomt for restriction to air flow from
vents at the top and bottom of the wdll.
Correlations were developed for bOth l&ninar
and turbulent flow,

The Bernoulli algorithm, on the other hand,
is bdsed on Bernoulli’s @quatiOIIfor flow
through a channel, The frictional pressure
drop in the channel and pressure losses
through the inl@t and outlet vents are
baldnCed by the buoyancy foice of the nested
air, The detdilS of this algorithm ma, be
found elsewhere (B), The friction factor
for flow in tht channel is based on fully
developed flow betwctn two parallel plates
with a symmetrical veiocity profile. The
pressure 10S$ coefficients for the inlet
and outlet vents may be nbtalned by combin-
ing factors for sharp-entrance and sudden-
exit region pr~ssura drops. The values can
be obtained for both lninar and turbulent
flows from any standard fl’Jidmechanics
texth~ok (9),

The principal differences between the two
thermocirculation algorithms may be sunrned
up as follow?,. The Akbari and Borgws
correlations account for a detailed
description of flow in the ~hdnnal, but
they ignore pressure losses ifitha inlet
end outlet vents; the Bernoulli-equation
model provides a more dpproxlmatp descrip-
tion of flow in the channel, but the pras-
sure drop through inlet and outlet vents
can be accounted for.

Both thermocirculation algorithms were
tested and compared in the DOE-2 vented
wall nmdel. linfortoately, few data are
available in the open literature on air-flow
rates and temperatures in vented walls that
are suitab”lefor validation Purposes. The
nnly measurements that were found were those
presented by F. Trombe at an early passive
solar conference (10), and these data were
taken to study wall performance, and were
not intended for the validation of computer
programs.

Figures 4 through 7 show the comparison of
predictions by both the Bernoulli dlgorithm
and the Akbari and Borgers correlations to
the F, Tro,-bedata. Figure 4 shows thdt
both algorithms predict outside wall tem-
peratwes reasonably well, but the Bernoulli
algorlthm is closer be~ause it predicts a
lower amount of thermocirculation in the
channel, with resulting lower convection
and hijher wall temperatures. Figures 5
and 6 show thdt the Akbari and Borgers
correlations significantly overpredict the
outlet vent flow rate and significantly
underpredirt tileoutlet vent air tempera-
tures, The high air flow rates in this
cafe are compensated by the lower outlet
vent air temperatures so that the predicted
thermoclrculdt!on energy delivered to the
room (shown In Fig, 7) is closer to the
medsu’-edvalues than the air flow predic-
tions wet-e, The reason for these high air
flow rates appears to he the lack of d vent
restriction pressure drop in the Akbari dnd
Borgers algorithm, In fact, the Bernculli
equation algorithm also predicted \imilarly
high flow rates when it WISSsimulated with
very large vent aredf,

Our studies halveshown that if the ratio of
the Vent area to the channel flow cross-
s~ctional area is 1 or less (the ratio in
the case of the F, Trombe data is 0,4),
then the pressure drop through the vents is
stgnlficant and cannot be neglected, It
appedrs that this is the case for many
vmted thermal storage wa!l designs.

The DOE-2 vented storage wall model using
the Bernoulli algortthm was also COMpdred
with measu-ed data from a Los Alamos test
cell. Unfortunately, air flow reasurw-nents
wwe no* made at the test tell, so thpse
could not be comp~red with the DOE-2 pre-
dictions as in the casp of the Trorrbedata.
Figurti8 shows the comparison of measured
And predicted heatin loads for the vented
test CQ116 ?The pred cted total heat!ng
load for the seven-day period examiled was
within 1(I p~r cent of the nmasured kdlue,

Although a final judgment as to the accuracy
of either olsorithm cannot be made wtthuut
Ir@recomplete testing with better measured
date, the Bernoulli equation algorithm has
beer,chosen for use in DOE-2 beceuse of th?
ability to model vent restrictions,
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Fig. 4. Comparison of Bernculli with Akbarl
and Borgers thermocirculatlon models and
masured d~ta for exterior wall tempera-
tures.
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Fig. 5. Compar~son of Bernoulli with Akbari
and Borgers thermoclrculation models and
measured data for outlet vent flow rates.
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Ft9, 6. Comparison of Bernoulli ulth Akbari
and Borgers thermocirculation nmiel~ and
measured data for outlet vent air tempera-
tur~s,
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Fig. 7. ~~rpsrison of Bernoulli with Akbari
and Borgers thermocirculation models and
masured data fzr thermocirculation energy
delivered to the room,
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Fig. 0. Comparison of Bernoulli thernw-
circula;ion model and measured data for a
vented wall test cell,

5. HATER HALL

Uater is often used for heat storage in
passive-solar bui:d!ngs because of its ,Iigh
therm~l capacitance. Mater containers
(jars, drums, and fiber glass tubes) are
often placed directly behind south-facin9

!
lazing, ana they behave thermal;y much
ike the wall shown in Fi9, 1.

The simulation of water walls In the DOE.?
thermal storage wall nmdel has been accom
pli$hed by treatin9 them as unvented walls
with high thermal conductivity. This can
effectively account for the natura! CO!lveC-
tion of the water that tends to 6’JPII out

the temperature distribution in the wall,
Hater tubes c~n be simulated in DO[-2 by
determ~ning the proj?cted area of the tubes
on the glazing and then calculating a wall
width so that the total thermal capacitance
of the N[-z wat~r wall iS the Sam a$ that
for the tctual tubes, Spaces between tiat@r
tubes can be simulated by comblnina that
glaz~n9 area into another wind~ an ihe
south wall, Only opaque water wall~ c~n be
model@d; translucent water tubes cannot be
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simulated by the pro ram now. A selective
7surface can be spect ied for the wall sur-

fdce as an option,

The DOE-2 water-wall simulation was conqzar{~d
against measured Los AlemJs test-cell data
for an eight-day fzeriodIn F@bruary 1980.
The total heating load predicted by DOE-2
for the test cell was within 10 per cent of
the measured test-cell heating load.

6. CONCLUSIONS

This study has resulted in the following
conclusions.

o The ME-2 canputer program was rrodl-
fied to allowmodeling capabilities
for unvented thermal stor~ge walls,
Comparison of DOE-2 ore~icted heating
loads with treasuredtest-cell heating
loads indicated very good agreement.

o The Akbari and Borgers correlations
and me Bernoulli algorithm were
examtned for use in modeling the ther-
mocirculation in the vented wall model.
Although the Akbari and Borgers corre-
lations are based on a more accurate
description of flow in the channel
than the Bernoulli algorithm, they do
not account for vent-restriction pres-
sure drops. The Bernoulli algorithm
was chosen for use in the DOE-2 model
because of its ability to mod~l pres-
sure drops through vents, and ;cnpari-
son of predictions based on th’s
algorithm with measured data from
c, Trombe and Los Alamos test cells
indicated acceptable a~r’cement,

o BY proper selection of effective
thermal conductivity, the unv~nted
wall model can be used to simulate
water walls. Conqzarisonwith masured
::<t-cell testing loads indicated
acceo:ahle agreement between DOE-2 and
the me~sured data,
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